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In  pulsed  laser  deposition  of  YBa2Cu307_5  films,  defect  introduction  into  the  films  tends  to  anisotropically 
improve  the  pinning  along  the  H\\c  direction  due  to  the  columnar  growth  mode  of  the  process.  In  Eu- 
substituted  samples,  however,  even  though  an  increase  in  critical  current  density  (Jc)  in  the  H\\c  direction 
was  observed  for  low  fields  ( H=  0.2  T),  the  improvement  was  more  notable  for  the  H||ab-plane  at  both 
low  and  higher  fields.  Herein  we  present  detailed  TEM  microstructural  studies  to  understand  these 
new  trends  in  JC(H ),  which  are  markedly  different  than  flux  pinning  increases  achieved  with  other  meth¬ 
ods,  for  example,  with  nanoparticle  additions.  Threading  dislocations,  observed  in  the  Eu-substituted 
samples  along  the  c-axis,  account  for  Jc  enhancement  with  H||c  at  low  field.  The  enhanced  ab-planar  pin¬ 
ning  in  the  Eu-substituted  samples  is  attributed  to  the  extensive  bending  of  the  {0  0  1}  lattice  planes 
throughout  the  film,  and  the  crystal  lattice  defects  with  excess  Cu-0  planes,  that  were  effective  in 
increasing  the  Jc  for  H||ab  at  both  low  and  high  fields. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  inclusion  of  lattice  defect  structures  in  high  temperature 
superconducting  (HTS)  REBa2Cu307_5  (REBCO  or  REBCO)  thin  films 
(RE  =  rare-earth  element)  offers  great  promise  for  increasing  the 
in-field  critical  current  density  ( ]c ).  This  is  particularly  important 
for  power  applications  such  as  generators  or  motors,  operating  at 
77  K  [1].  Enhancement  of  the  flux  pinning  has  previously  been  ob¬ 
tained  with  partial  substitution  of  the  lighter  RE  atoms,  such  as  Nd, 
Sm  and  Eu  [2-5],  into  sintered  powders  of  Re0.2Y0.8Ba2Cu3O7_y. 
More  recent  studies  have  demonstrated  that  significant  increases 
also  can  be  achieved  in  REBCO  films  with  the  addition  of  nanopar¬ 
ticles,  second-phase  materials  [4-7],  or  by  variable  temperature 
processing  [8],  in  addition  to  processing  of  mixed  (REi,RE2)BCO 
compositions  [9].  In  the  absence  of  nanoscale  second  phase  inclu¬ 
sions,  other  induced  microstructural  defects  and  sources  of  lattice 
distortions  can  provide  pinning  [10]. 

Although  these  pinning  phenomena  significantly  increase  the 
JC{H)  of  the  compound,  typically  the  enhancement  is  anisotropic 
and  dependent  on  the  particular  growth  mode  of  the  deposition 
process.  For  example,  in  pulsed  laser  deposited  (PLD)  films,  stack¬ 
ing  faults  have  been  shown  to  enhance  Jc  more  so  when  the  applied 
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field  (H)  is  parallel  to  the  c-axis  direction,  due  to  the  effect  on 
columnar  growth  of  the  process  [11].  In  Metal-Organic  Deposition 
(MOD)  processed  films,  on  the  other  hand,  the  laminar  growth 
preferentially  enhances  the  Jc  for  the  magnetic  field  applied  paral¬ 
lel  to  the  ab-plane,  and  not  the  c-axis  field  orientation  [12].  For 
power  applications,  such  as  motors  and  generators,  it  is  important 
that  flux  pinning  is  sufficient  in  both  the  c-axis  and  ab-planar 
directions  [13]. 

It  is  critical  to  understand  how  various  types  of  defects  can  supply 
the  pinning  force  in  both  directions,  particularly  in  the  non-pre¬ 
ferred  growth  mode  direction.  The  present  investigation  provides 
an  understanding  of  how  this  was  accomplished  in  PLD 
(Yi_xEux)Ba2Cu307_(5  thin  films  (with  x  ranging  from  0.0  to  0.5)  on 
Ce02  buffered  (Zr,Y)02  substrates.  Thin  films  of  (Yi_xEux)BCO 
(x  =  0-1)  were  studied  recently  by  several  groups,  and  distinct  dif¬ 
ferences  of  JC(H,6 )  were  observed  for  these  films  when  compared 
to  YBCO  [14,15].  However,  microstructural  defects  of  the  (Y,Eu)BCO 
films  were  not  examined  closely  by  TEM  yet,  and  the  defects  that 
caused  thejc  differences  were  only  suggested  [14,15].  Herein,  micro- 
structural  defects  on  the  nanometer  scale  were  studied  by  TEM,  and 
were  identified  to  correlate  with  enhanced  Jc  in  the  planar  direction. 

2.  Experimental  details 

Thin  films  of  (Yi_xEux)Ba2Cu307_^  with  x  =  0,  0.3  and  0.5  were 
deposited  by  pulsed  laser  deposition  (PLD)  on  Ce02-buffer-coated 
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(Zr,Y)02  substrates  at  the  rate  of  10-20  nm/min  with  a  substrate 
temperature  of  775  °C.  Details  of  the  processing  conditions  and 
reasons  for  this  substrate  choice  were  given  elsewhere  [14].  A 
post-deposition  anneal  was  performed  at  500  °C  and  1  atmosphere 
of  02  for  30  min,  followed  by  a  cool  down  in  pure  02  to  <60  °C  in 
about  30  min.  Transport  Jc  measurements  (Jct)  were  made  with 
the  four-probe  method,  and  using  a  criterion  of  1  pv/cm  [14]. 
The  films  were  patterned  into  microbridges  typically  0.05  cm  wide 
by  0.3  cm  long,  using  UV  laser  etching  with  a  ceramic  mask.  The 
standard  error  of  Jct  measurements  was  not  worse  than  5%,  and 
generally  better  than  2%  [14].  Angular  measurements  were 

made  with  J1H,  (maximum  Lorentz  force  configuration).  Trans¬ 
mission  electron  microscopy  (TEM),  fine  probe  energy  dispersive 
spectroscopy  (EDS)  and  high  angle  annular  dark-field  (HAADF) 
imaging  were  employed  to  characterize  the  microstructure,  using 
a  Philips-CM  30  and  JEOL-2200  microscopes.  Cross-section  TEM 
samples  were  prepared  in  a  Fischione  ion  mill  equipped  with  a  li¬ 
quid-nitrogen  cold  trap,  using  a  gun  voltage  of  5  kV,  a  current  of 
5  mA,  and  an  incident  angle  of  12°. 


3.  Results  and  discussion 

The  dependence  of  Jc  on  applied  magnetic  fields  was  measured 
by  transport  methods  for  (Y,Eu)BCO  films,  as  shown  in  Fig.  1.  The 
trends  of  Jc(77  K,  H||c)  were  consistent  for  a  range  of  Eu  substitu¬ 


tion  (Eu  =  0.3-0.5);  i.e.  Jc  significantly  increased  compared  to  YBCO 
for  H||c<  1  T,  and  decreased  for  H\\c>  1  T.  These  trends  interest¬ 
ingly  were  greatest  for  the  largest  Eu  substitution,  Eu  =  0.5.  These 
results  were  not  a  consequence  of  simply  changing  the  substrate 
from  LaA103  to  Ce02-buffer-YSZ,  since  YBCO  samples  with  both 
substrates  show  the  same  behaviors  [14].  The  trends  shown  in 
Fig.  1  also  were  confirmed  with  an  even  larger  number  of  films, 
for  Jc  measured  by  magnetic  methods  and  published  elsewhere 
[14].  The  decreases  for  H>  1  T  are  in  contrast  atypical  compared 
to  films  processed  with  nanoparticle  additions,  where  large  in¬ 
creases  of  Jc  (77  K, H>  1  T)  were  observed  [4,6].  With  increasing 
Eu  substitution,  Jc{ 77  K,  H  >  1  T)  is  consistently  decreased,  suggest¬ 
ing  that  correlated  defects  parallel  to  c-axis  were  decreased  by 
some  mechanism.  The  increase  of  Jc  at  the  lower  fields  (H  <  1  T) 
is  greater  with  Eu  substitution  than  with  nanoparticle  additions 
[4,6],  and  interestingly  is  comparable  to  the  increase  of  JC(H<  1  T) 
with  additions  of  Ce02  multilayers  [5].  These  behaviors  all  indicate 
that  the  microstructure  is  markedly  changed  in  the  films  with  Eu 
substitution. 

The  effects  of  Eu  substitution  on  the  angular  dependence  of  Jc 
also  were  measured  under  an  applied  magnetic  field,  Happi,  for  0, 
the  angle  between  Happi  and  the  c-axis  of  the  film,  from  0°  to  90° 
[14].  Figs.  2a  and  b  show  the  Jc{0)  for  YBCO  (Y0.7Eu0.3)BCO  and 
(Y0.5Eu0.5)BCO  at  77  K  for  Happi  =  0.2  T  and  1  T,  respectively.  For 
H  =  0.2  T,  the  Jc{0)  of  (Y0.7Eu0.3)BCO  and  (Y0.5Eu0.5)BCO  increased 
steadily  with  increasing  6 ,  compared  with  a  flatter  dependence 
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Fig.  1.  Dependence  of Jc  on  magnetic  field  for  (Y,Eu)BCO  films,  (a)  Up  to  9  T  H\\c  and 
(b)  H\\c  less  than  1  T  data  on  a  linear-linear  scale.  2 
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Fig.  2.  Angular  dependence  of  Jc  for  low  and  high  fields  for  Eu  substituted  (Eu  =  0.3, 
0.5)  and  unsubstituted  samples:  (a)at0.2  Tand(b)atl  T.0  =  90°  corresponds  to  H||ab. 
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on  9  and  a  sharper  ab-plane  peak  {9  =  90°)  for  YBCO  -  see  Fig.  2a. 
Specifically,  at  0.2  T,  for  9  =  0  (H||c)  the  Jc  is  1.12  x  106A/cm2  for 
(Y0.7Eu0.3)BCO  and  1.4  x  106  A/cm2  for  (Y0.5Eu0.5)BCO  correspond¬ 
ing  to  an  increase  in  Jc  of  about  33%  and  65%,  respectively,  as  com¬ 
pared  to  the  Jc  of  unsubstituted  YBCO  at  0.2  T.  At  a  higher  magnetic 
field,  1  T,  the  Jc  for  9  =  0  (H||c),  decreased  by  about  10%  for  both 
(Yo.7Euo.3)BCO  and  (Y0.5Eu0.5)BCO.  The  overall  trends  of  Jc(77  K,  9 , 
H  =  0.2  and  1  T)  for  Eu  substitution  are  markedly  different  from 
the  unsubstituted  YBCO  films. 

To  associate  the  trends  of  JC(9,H )  with  pinning  structures  in  the 
films,  TEM  was  performed  on  these  films  specifically  to  determine 
the  microstructure,  defects,  and  compositional  variations  at  the 
nano  scale,  as  a  function  of  Eu-substitution.  In  the  Eu-substituted 
samples,  the  most  notable  features  capable  of  accounting  for  sig- 


Fig.  3.  (a)  A  bright-field  cross-sectional  TEM  image  of  the  Eu-substituted  (x  =  0.3) 
sample  showing  a  high  density  of  threading  dislocations.  The  dislocation  lines  are 
almost  parallel  to  the  c-axis.  (b)  A  HRTEM  image  showing  the  distortion  around  a 
threading  dislocation  and  very  fine  planar  faults. 


nificant  pinning  was  a  high  density  of  threading  dislocations  ob¬ 
served  parallel  to  the  c-axis,  and  extending  from  close  to  the 
substrate-film  interface  up  to  the  film  surface  (Fig.  3a).  These 
threading  dislocations  tend  to  be  associated  with  dislocation  half 
loops  close  to  the  Ce02/(Yi_xEux)BCO  (x  =  0.3  and  0.5)  interface. 
Some  dislocations  apparently  nucleated  very  close  to  the  planar 
defects  away  from  the  interface,  and  ended  at  planar  faults,  as 
shown  in  Fig.  3a  and  b.  The  number  density  and  average  spacing 
of  the  observed  threading  dislocations  was  ~40  x  1012m-2  and 
~100  nm,  respectively.  The  matching  field  for  this  density  is  well 
below  1  T,  consistent  with  the  loss  of  c-axis  pinning  in  the  1  T  field 
and  for  H  >  1  T  [14].  Typically,  a  distortion  zone  approximately  6- 
8  nm  in  diameter  and  running  parallel  to  the  threading  disloca¬ 
tions  was  observed  (Fig.  3b).  The  formation  mechanism  of  such 
threading  dislocations,  usually  introduced  in  the  early  stages  of 
growth  at  the  substrate/film  interface,  is  related  to  the  growth 
and  coalescence  of  YBa2Cu307_(5  islands  [16,17]. 

Although  threading  dislocations  have  been  observed  in  PLD 
grown  unsubstituted  YBCO  by  other  authors  [16,18],  the  current 
cross-sectional  TEM  observations  showed  no  threading  disloca¬ 
tions  in  the  unsubstituted  YBCO  films  on  Ce02-buffer-(Y,Zr)02  sub¬ 
strates  in  the  present  study.  This  could  be  due  to  the  relatively 
higher  deposition  temperatures  or  longer  post  annealing  treatment 
[16],  which  can  decrease  the  dislocation  density  to  a  significant  ex¬ 
tent.  Alternatively,  the  high  density  of  pores  observed  in  the 
unsubstituted  YBCO  films  in  this  study,  ranging  from  100  to 
200  nm  in  size,  with  a  number  density  of  2  x  1012  m-2,  could  have 
suppressed  the  formation  of  extended  threading  dislocations  by 
relieving  residual  stress  in  the  trenches  of  the  growth  islands  to 
a  significant  extent.  On  the  other  hand,  a  considerable  decrease  in 
the  density  of  pores,  down  to  1  x  1011  m-2,  was  observed  in  the 
Eu-substituted  samples,  which  conversely  showed  a  high  density 
of  threading  dislocations.  The  high  density  of  c-axis  correlated 
threading  dislocations/defects  (~40  x  1012  defects  m-2)  that  form 
in  the  Eu-substituted  films  would  be  expected  to  provide  strong 
pinning  centers,  and  thus  contribute  to  flux  pinning  at  low  fields 
[16,18],  as  demonstrated  in  Fig.  2a. 

For  H  parallel  or  nearly  parallel  to  the  ab-plane  (75°  ^  9  ^  90°), 
both  low  (H  =  0.2  T)  and  high  ( H  >  0.2  T)  fields  resulted  in  a  very 
large  increase  of  Jc  for  the  Eu-substituted  (x  =  0.3)  film  compared 
to  the  unsubstituted  ( x  =  0)  film,  as  observed  in  Fig.  2.  The  Jc  values 
for  H||ab  for  the  Eu-substituted  films  and  the  unsubstituted  YBCO 
film  at  0.2  T  are  ~3.5  x  106  A/cm2  and  2  x  106  A/cm2,  respectively, 
indicating  an  increase  in  Jc  by  a  factor  of  1.75  T  (see  Fig.  2a).  At 
H\\ab  =  IT,  Jc  increases  by  a  factor  of  1.25-1.6  due  to  the  different 
levels  of  Eu-substitution  (see  Fig.  2b).  The  types  of  defects  that  en¬ 
hance  Jc  for  H\\ab  correspond  to  strong  ab-planar  pinning  rather 


Fig.  4.  (a-d)  The  fine  probe  EDS  showing  the  distribution  of  Eu,  Y,  Ba  aijl  Cu.  (e)  The  corresponding  HAADF  image  of  the  film  with  Eu  =  0.3. 
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Fig.  5.  HRTEM  image  of  the  unsubstituted  sample  close  to  the  [110]  zone  showing 
lattice  bending  and  the  high  density  faults  close  to  the  interface.  Fast  Fourier 
transforms  (FFTs)  from  regions  marked  as  “A”  and  “B”  are  shown  as  insets.  Note 
that  the  lattice  bending  away  from  the  Ce02/YBC0  interface  (see  the  region  around 
B  in  the  image)  has  decreased  considerably. 

than  c-axis  correlation,  even  though  columnar  PLD  growth  gener¬ 
ally  enhances  defect  propagation  in  the  c-axis  direction.  The  angu¬ 
lar  dependence  of  Jc  in  the  Eu-substituted  samples  for  H  nearly 
parallel  to  the  ab-plane  (75°  <  9  <  90°)  is  considerably  broad  at 
the  low  as  well  as  the  high  field.  This  indicates  enhanced  correlated 
and  random  pinning  in  the  ab-plane  introduced  by  the  Eu  substitu¬ 
tion  [15].  In  X-ray  diffraction  (XRD)  the  (0  0  5)  peak  of  the  Eu- 
substituted  samples  were  predominantly  single,  which  indicates 
that  bimodal  distributions  of  EuBCO  and  YBCO  unit  cells  did  not 
exist,  at  least  in  agglomerations  large  enough  such  that  the  unit 
cells  could  be  distinguished  and  measured  by  XRD.  The  fine  scale 
distribution  of  Eu,  Y,  Ba  and  Cu  was  obtained  by  the  fine  probe 
EDS  with  a  probe  size  of  0.5  nm  in  Eu-substituted  samples.  It 
was  observed  that  they  were  uniformly  distributed  in  the  film 
(Fig.  4),  which  corroborate  the  XRD  observations. 

In  order  to  elucidate  the  type  of  defect  structure  correlated  with 
the  ab  pinning  in  these  materials,  microstructures  of  both  unsub¬ 
stituted  and  Eu-substituted  samples  were  considered  in  more  de¬ 
tail.  Fig.  5  is  a  high-resolution  TEM  image  of  the  unsubstituted 
YBa2Cu307_(5(YBC0),  showing  higher  density  of  faults  and  consid¬ 
erable  lattice  buckling  close  to  the  Ce02/YBCO  interface.  The  corre¬ 
sponding  fast  Fourier  transform  (FFT)  from  the  region  “A”  close  to 
the  Ce02/YBCO  interface  showed  considerable  angular  spread  of 
{0  0  /}  type  of  planes.  Continuous  streaks  also  observed  along  the 
YBCO  [0  0  1]  direction  in  the  fast  Fourier  transform  (FFT)  are  due 
to  the  presence  of  very  thin  faults  (1-3  nm  thick)  lying  in  the 
(001)  plane,  as  verified  by  the  fact  that  the  streaks  are  perpendic¬ 
ular  to  the  thin  dimension  of  the  faults.  TEM  observations  also  re¬ 
vealed  that  the  lattice  buckling  and  the  density  of  faults 
substantially  decreased  away  from  the  interface,  for  the  unsubsti¬ 
tuted  sample  (see  Fig.  5  close  to  region  B  and  above).  The  fast  Fou¬ 
rier  transform  (FFT)  from  the  region  “B”  away  from  the  Ce02/YBCO 
interface  showed  sharp  spots  of  {0  0  /}  type  of  reflections,  indicat¬ 
ing  no  lattice  buckling. 

In  the  Eu-substituted  samples,  however,  the  lattice  buckling 
(Fig.  6)  as  well  as  fine  faults  (Fig.  3b)  was  present  throughout  the 
film.  Note  such  lattice  buckling  in  unsubstituted  films  was  ob¬ 
served  close  to  the  Ce02/YBCO  interface.  The  lattice  buckling  of 
{0  0  /}  type  of  plane  can  be  clearly  observed  in  the  inverse-Fourier  4 


Fig.  6.  (a)  A  HRTEM  image  close  to  the  [110]  zone  showing  the  lattice  bending  of 
(0  0  1)  planes  in  the  Eu-substituted  ( x  =  0.3)  sample.  The  FFT  is  shown  in  the  inset, 
(b)  The  corresponding  IFFT-image  showing  the  lattice  bending  throughout  the 
entire  region. 

transform  (IFFT)  image  (Fig.  6b)  of  the  Eu-substituted  film  (x  =  0.3). 
Another  observation  was  the  presence  of  other  type  of  defect,  in 
the  Eu-substituted  films,  which  had  extra  c-axis  faults  lying  in 
the  a-b  plane.  Fig.  7a  is  a  HRTEM  image  of  the  Eu-substituted  film 
(x  =  0.3)  showing  the  presence  of  double  oxide  layers  with  a  spac¬ 
ing  between  the  layers  of  ~0.37  nm.  The  corresponding  inverse- 
Fourier  transform  image  (IFFT)  given  in  Fig.  7b  clearly  shows  the 
double  oxide  layers.  Normally  strong  white  fringes  of  Cu-0  planes 
between  the  Ba-0  planes  are  observed  at  «1.2  nm  spacing  for 
YBCO  [19].  Such  double  strong  white  fringes  with  similar  intensi¬ 
ties  observed  in  the  (Y0.7Eu0.3)BCO  films  indicate  the  presence  of 
excess  Cu-oxide  layers. 

Similar  growth  conditions  were  used  for  unsubstituted  and  Eu- 
substituted  films.  TEM  results  showed,  in  addition  to  typical  stack¬ 
ing  faults  which  are  present  in  both  unsubstituted  and  substituted 
samples  with  similar  density,  extensive  buckling  of  {0  0  /}  type  of 
plane  ( a-b  plane)  throughout  the  film  and  the  ab-planar-type  de¬ 
fects  with  double  Cu-0  planes.  These  will  enhance  flux  pinning 
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Fig.  7.  (a)  HRTEM  image  showing  the  excess  Cu-0  planes  in  (Y0.7Eu0.3)BCO.  (b)  The  corresponding  inverse  FFT  (IFFT)  image  also  shows  the  double  Cu-0  planes. 


considerably  in  the  a-b  plane  as  compared  to  the  unsubstituted 
film,  and  thus  would  account  for  the  continued  enhancement  of 
Jc  for  H\\ab  at  both  low  and  high  fields. 

4.  Summary 

In  summary,  the  microstructure  and  defects  of 
(Yi_xEux)Ba2Cu307_(5  thin  films  samples  with  different  levels  of 
Eu,  produced  by  the  pulsed  laser  deposition  (PLD)  process,  have 
been  studied  by  transmission  electron  microscopy  techniques.  A 
considerable  increase  in  Jc  (30-65%)  for  H\\c  =  0.2  T  was  observed 
in  the  Eu-substituted  x  =  0.3,  0.5  samples,  compared  to  the  Jc  of 
unsubstituted  YBa2Cu307_5.  Also,  for  H\\ab  and/or  H  near  the  ab- 
plane  (75°  <  6  ^  90°),  a  significant  increase  of  Jc  was  observed  for 
both  x  =  0.3  and  0.5  Eu-substituted  films  (compared  to  the  unsub¬ 
stituted  film),  for  both  low  and  high  fields  ( H  ^  0.2  T).  It  was 
shown  that  threading  dislocations  along  the  c-axis  can  account 
for  the  increase  of  Jc  for  H\\c  ( 9  =  0 )  at  low  field.  Additionally  for 
Eu-substituted  films,  extensive  buckling  of  the  {0  0  /}  type  lattice 
planes  throughout  the  film,  and  the  ab-planar-type  defects  with 
double  Cu-0  planes  will  enhance  flux  pinning  considerably  in 
the  a-b  plane  as  compared  to  the  unsubstituted  film,  and  thus 
would  account  for  the  continued  enhancement  of  Jc  for  H\\ab  at 
both  low  and  high  fields. 
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